We report pulsed emission from an optically pumped lead-salt vertical-cavity surface-emitting laser with a PbSe/PbSrSe quantum-well active region. The lasing wavelength of ϭ4.44 m is nearly constant over the temperature range 200-280 K, and the threshold is only 10.5 kW/cm 2 at 260 K, where the gain peak and cavity mode are in resonance. Over 330 mW of peak power is emitted at 260 K, into a circular beam whose divergence angle increases with pump intensity.
There have been substantial advances in the development of edge-emitting semiconductor lasers for the midinfrared spectral region, including III-V interband, 1,2 quantum-cascade, 3 and IV-VI ͑lead-salt͒ devices. 4, 5 However, there have been only a few attempts to fabricate midinfrared vertical-cavity surface-emitting lasers ͑VCSELs͒. This is despite such attractive potential features as a lowdivergence circular output beam, low threshold associated with a very small active volume, and the possibility of monolithic two-dimensional arrays. Only recently have II-VI, 6, 7 III-V, 8, 9 and IV-VI [10] [11] [12] [13] [14] VCSELs operated at Ͼ2.5 m, all with optical pumping.
Lead-salt VCSELs, in particular, may have significant advantages over edge-emitting devices fabricated from the same material system. For example, the lasing threshold can potentially be reduced by a factor of 4 when the L-valley degeneracy is lifted by growing a quantum-well ͑QW͒ active region on a ͑111͒ substrate. This approach is less practical for edge-emitting lasers, as the substrate then has no natural plane for cleaving facets. Reduced threshold carrier concentration also reduces the already-low nonradiative Auger decay rate for lead-salt semiconductors. 15 Furthermore, leadsalt mirror stacks can have extremely high dielectric contrast ratios, and this leads to Ϸ99% reflectivity for only three periods of the PbSrSe/BaF 2 combination employed in the present work. This minimizes the total molecular-beamepitaxy growth time needed to produce a high-finesse cavity with a long-resonance wavelength. Although an electrically pumped VCSEL would offer major advantages in simplicity of operation and wall-plug efficiency compared to an optically pumped laser, such a device could only be realized in the PbSrSe/BaF 2 material system using intracavity contacts, for which the dry etching of BaF 2 represents a major challenge.
We report here the fabrication and characterization of an optically pumped PbSe/PbSrSe QW VCSEL that displays low-threshold pump intensity for near-room-temperature op- 16 The bottom and top mirror reflectivities are 99% and 98%, respectively, and the higher strontium content in the top stack prevents absorption of the pump beam there. Further details of the growth and material properties may be found elsewhere. 10 Without further processing, the structure was placed in a cryostat and pumped by a 2.098 m Ho:YAG laser ͑ pulse Ϸ80 ns, 1 Hz͒ at an incident angle of 28°. The slightly elliptical pump beam was focused by an f ϭ60 mm lens through the window of the dewar. However, profiling of the beam revealed that it was circular at the surface of the sample when the full width at half maximum ͑FWHM͒ in both dimensions was 231 m. The data reported below were taken under those conditions unless otherwise specified. The initial collection optic was an f ϭ10 cm, 2-in.-diam CaF 2 lens with an 80% clear aperture, for an effective f number of 2.5. A cryogenic InSb detector with a 2.59 m long-pass filter detected the emitted radiation, and a 1 4 m monochromator was used to acquire the lasing spectra.
Light-light emission curves were measured from T ϭ200 K to the maximum operating temperature of 280 K. While T max is 10 K lower than for an earlier device with a bulk PbSe active region, 10 it is substantially higher than the T max of 85 K for lead-salt VCSELs studied by the Linz/ Bayreuth team.
11,12 Figure 1 shows light-light curves taken at 260 K, the temperature at which the gain peak comes into resonance with the cavity mode. The open boxes represent the power collected through the first f /2.5 lens ͑on a ϫ10 scale͒, corrected for the filter, lens, window, and attenuator transmissions, and also the temporal and spectral response of the detector. While the collected power reaches a maximum a͒ Electronic mail: felix@nrl.navy.mil APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 24 11 JUNE 2001 of Ϸ30 mW, the apparent saturation is primarily an artifact of the collection optics. This is clear from an analysis of the intensity dependence of the far-field emission profile, which is nearly circular and has a roughly Gaussian dependence on angle. For a pump intensity of 73 kW/cm 2 and a 340ϫ363 m spot, the width of the profile was 24°͑FWHM͒. However, Fig. 2 shows that for the 231 m spot employed in most of the present measurements the width was 36°͑filled points͒, which implies a collection efficiency through the first f /2.5 lens of 24%. Furthermore, at 310 kW/cm 2 ͑open points͒ the width increased to 67°, which has the effect of lowering the collection efficiency to 8.6%. The inset of Fig. 2 summarizes the geometric collection efficiency of the f /2.5 lens due to the observed increase in beam divergence as a function of pump intensity, along with an empirical fit ͑curve͒. The collection efficiency appears to saturate above Ϸ200 kW/cm 2 . As an additional check of the relationship between pump intensity and angular divergence, light-light curves were measured with the collection path oriented at an angle to the surface normal. The open triangles in Fig. 1 ͑right scale, arbitrary units͒ represent such a curve taken with the f /2.5 collection optics centered 28°away from the normal. At that angle, both the threshold and the saturation intensity are much higher. The large output divergence angle suggests that the VCSEL modes are influenced by filamentation, which becomes more severe with increasing pump intensity. Apparently, this did not occur in a Linz/Bayreuth lead-salt VCSEL which displayed an angular divergence of only Ϸ1°at T ϭ2 K.
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Dependences of the lasing spectra on emission angle and temperature provide further insight. Figure 3 shows spectra acquired at Tϭ260 K with the collection optics oriented at four different angles with respect to normal. The spectral peak is seen to blueshift with increasing angle, following a dependence given by the points in the inset of Fig. 3 . The curve represents the structure's cavity resonance as a function of emission angle, which was derived from a transfermatrix calculation. The excellent agreement between the points and the curve confirms that the wavelength at each emission angle is governed by modes whose propagation direction is tilted at the corresponding internal angle. Tilted propagation in the cavity is made possible by a relatively large pump area and a lack of phase coherence across the emitting aperture, which means that the device lases in a large number of filaments rather than in a coherent beam with a narrow angular emission cone.
For emission normal to the surface, the peak wavelength was nearly independent of temperature. The shift was from ϭ4.442 m at Tϭ200 K to ϭ4.437 m at 260 K, or d/dTϭϪ0.083 nm/K. This is quite small compared to d/dTϭϪ1.4 nm/K for the earlier bulk PbSe VCSEL, 10 and d/dTϭϪ7 -10 nm/K for photoluminescence from similar IV-VI semiconductor active regions. Another contrast is that the earlier PbSe VCSEL displayed substantial competition between vertical-cavity lasing and in-plane amplified spontaneous emission coupled out by scattering from cleavage terraces on the BaF 2 substrate. In that study, spectrally narrow emission could be obtained only for spot diameters smaller than Ϸ100 m. The substrate preparation and growth quality for the present device have been improved, and it displays no evidence for emission in in-plane modes, even at spot sizes as large as 1 mm. For equivalent geometries, the spectral linewidth for emission normal to the surface of the present QW VCSEL was 21 nm ͑Gaussian FWHM͒, which is a factor of 2.2 narrower than in the earlier study. Roomtemperature reflectance measurements of the QW VCSEL showed a cavity resonance with a Lorentzian width of 26 nm ͑FWHM͒. The spectral width of this resonance indicates that the cavity finesse is also higher by a factor of 1.6 compared with the sample from the earlier study, which should produce some suppression of amplified spontaneous emission.
The results of correcting the collected powers from Fig.  1 ͑open boxes͒ for the intensity-dependent collection efficiency from the inset of Fig. 2 are given by the open circles in Fig. 1 . The maximum output from the 231-m diam spot is Ͼ330 mW, and the differential power conversion efficiency is 0.4%. The efficiency remains roughly constant when the measurements are performed as a function of temperature between 200 and 270 K, and then drops precipitously at the highest operating temperature of 280 K. The earlier PbSe VCSEL had a maximum efficiency of Ϸ0.5% at Tϭ240-250 K, which decreased at both lower and higher temperatures. 10 Although the present device has a lower reflection of the pump beam at the top mirror of Ϸ17%, it also absorbs a lower fraction of the pump intensity within the eight QW half-cavity as compared to the 1-m-thick PbSe cavity of the earlier study. Figure 4 shows threshold pump intensities (I th ) as a function of temperature for a 340ϫ363 m spot. As in the earlier PbSe VCSEL study, 10 I th (T) initially decreases with increasing temperature as the cavity mode moves closer to resonance with the peak of the gain spectrum. At Tϭ260 K the threshold reaches a minimum value of 10.5 kW/cm 2 , which is a factor of 6.6 lower than the minimum ͑at 240 K͒ from the earlier study. It is also much less than I th (260 K) ϭ235 kW/cm 2 for the only III-V midinfrared VCSEL to operate at this temperature. 8 Edge-emitting optically pumped midinfrared lasers have never displayed a threshold this low for 260 K operation, 17 apart from special optical-pumping injection cavity structures that incorporated an étalon for the pump beam. 18 This substantial improvement of I th is only partly attributable to the QW active region, since the present well thickness of 30 nm does not provide enough quantum confinement to prevent the population of all four L valleys. Significant further reductions of the threshold should be possible in future devices employing thinner PbSe QWs, and also somewhat higher PbSrSe barriers.
In conclusion, we fabricated and tested an optically pumped PbSe/PbSrSe QW VCSEL with a cavity wavelength of ϭ4.44 m that remained nearly constant for 200-280 K operation. The gain peak was in resonance with the cavity mode at 260 K, where the threshold pump intensity was only 10.5 kW/cm
2 . An output power of Ͼ330 mW and power conversion efficiency of 0.4% were recorded at that temperature. A rather broad angular divergence of the circular output beam suggested the presence of filamentation, and the emission of tilted cavity modes led to a pronounced angular dependence of the lasing wavelength and pump-intensity dependence of the collection efficiency.
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